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CMS

Compact Muon Solenoid

Thanks LHC for fantastic 3 years!

CMS Integrated Luminosity, pp

Data included from 2010-03-30 11:21 to 2012-12-16 20:49 UTC
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Performance 1s impressive

o CMS detector operates at ~94% efficiency
= Most of the results to be shown today use the full data set

CMS Integrated Luminosity, pp, 2012, Vs = 8 TeV

Data included from 2012-04-04 22:37 to 2012-12-16 20:49 UTC
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CMS

A very prolific 3 years

® Public physics results info:
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResults
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Top Physics Higgs Standard Model = Beyond the SM: B2G
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New addition

® The most exciting results from the LHC 1s a

discovery of a new SM Higgs-like boson 1n 2012

- Massi1s 125.8 £ 0.6 GeV

» A very interesting mass range: stability of the
Higgs potential 1s excluded at ~2c
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- Signal strength seems to agree with the SM

predictions...

® What are news from CMS 1n 20137
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Outline of the talk

® Recent Higgs results from CMS with full data set

- H->Z/7—4¢
- HH-WW-=2{2v
- Ho11

} spin-parity studies

® New results from searches for SM extensions

= Search for natural SUSY 1n multi(b)jets and MET

- Search for heavy resonances in dilepton and lepton + MET
signatures

= Searching for lots of invisible things with monojets
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- ~" Compact Muon Solenoid

0 Four 1solated leptons from the same vertex

- Good mass resolution, an

Study of H—ZZ production .

d excellent S/B ratio

- Backgrounds: ZZ continuum, Z+jets, Zbb, ti

e Very demanding analysis due to soft 1solated leptons

in the final state

- Identification, measurement
of pr, dealing with pileup...

CMS Simulation, Vs = 8 TeV
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CMS Experiment at LHC, CERN
Data recorded: Thu Oct 13 03:39:46 2011 CEST

Run/Event: 178421/ 87514902
Lumi section: 86

“—_ |

Y(Z,) E;: 8 GeV

7TeV DATA S .
4u+y Mass : 126.1 GeV /,_/ - \ l‘\\’ﬁ.
\ W*(Z,) pr: 6 GeV
KW(Z,) pr:14GeV ‘ \
"4 \
\
p+(z1) pT : 67 GeV



Iyx




.fl

-~

.. s 4 \ ‘ \

t—+
N ) )

_ Estimated 78 pileup
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Y

Vo V2 1° 1° 30
Mean number of interactions per crossing

~- o Must use information from all detectors to unlock
~the full potential of the detector: particle flow!




CMS, .
= Particle flow
e Excellent tracker + i -
3.8T magnetic field + = e N
fine-segmented ECAL

Use information from chages
all the sub-detectors to
reconstruct individual [CMS Preliminary

particle-flow

e 045¢
" ' S :
particles in the event oo | ’_-*M“..m
0.35
8 E —&— Particle-Flow Jets
- Form electron, muon, photon, @ o0af
charged and neutral hadron 5 b ]
candidate lists < o1sf
. - 0.15—
- Improves energy and resolution 05t
as well as spatial resolution of ——
N 1 V/
energy flow 1n jets p, [GeV/c]
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Lepton 1dentification

e Using particle flow significantly boosted the
performance of the identification/isolation criteria

- Using MVA techniques made further improvements, including the
pileup mitigation

. . o , -1
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S,
'EM Energy scale & resolutlon.
® Secveral sources of energy ;" Material Budget |
loss for electrons and photons:

- Large amount of material SN 4
in front of the ECAL results g/}_'.{'f:.’?’i =
in strong Bremsstrahlung e

1
L 0.8
8 NURY Y 0.6
» Loss of energy i1s most Y8 |

o, 0.4
pronounced 1n soft electrons |

- Crystals lose transparency
with radiation

Fven, 286330207
L secton. 439
Orbit 130540507

» Some recovery during shutdowns

® Require constant calibration
and monitoring using
standard candles, such as
n’—vyy, Z—ee, Z—upy etc.



CMS

Compact Muon Solenoid

EM Energy scale/resolution .

x10° CMS Preliminary 2011 Data (s =7 TeV
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Low energy regime

e For H—ZZ analysis we use both Z and low-mass

resonances to cross-check the energy scale

- Energy scale 1s well-established within resolution

CMS Simulation
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My, distribution

CMS Preliminary
Co

¢t Data Ns=7TeV:L=0.0fb™
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CAS, ! . :
% Mg, distribution

CMS Preliminary Ys=7TeV,L=51f",fs=8TeV,L=196f" CMS pre“minary
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® (Good description of the ZZ continuum (and Zy)
e H—Z7 peak 1s clearly visible at ~126 GeV

= One can use kinematics to separate signal from background more!

|5



CMS,!
= Mz vs Mz

® /1vsZrmasses for 121.5 <My, <130.5 GeV

- /1. OS/SF nearest to the Z boson mass in 40 < Myz; <120 GeV
= 7Z»: OS/SF with the highest sum pr with 12 <Mz, < 120 GeV

CMS preliminary \s=7(8)TeV,L=5.1(19.6) fb™
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Kinematic discriminant Kp

CMS preliminary Vs=7TeV,L=511f" {s=8TeV,L=19.6fbo" CMS preliminary (s=7TeV,L=511f" {s=8TeV,L=19.6fb"
Q
< \¢ I1
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® kunction of several kinematic observables
Kp (0%, ¢1,01,02, 0, mz, ,mz,) = Psig
D s PV1,V1,V2, @,y AR Zo Psig+7)bkg

- BDT, NN etc. offer similar performance (updates with these

methods are planned for past-Moriond time)
17
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Mg, with Kp requirements

CMS Preliminary f5=7TeV,L=51f";{s=8TeV.L=196M"
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CMS

VBF H—ZZ analysis

e Sensitivity to VVH and {fH couplings (uv — UF)

o Split 121.5<Msr<130.5GeVevents &= .
into two categories Mo
- Tagged: events with > 2 jets (pr > 30 GeV, |n| <4.7) :f) o
» Use Fisher discriminant with m;; and Anj;; as mputs 2_—_'—
- Untagged: all other events ‘; L1 |

» Use pr/ma4s as discriminant

CMS preliminary 1s=7TeV,L=51M" \s=8TeV,L=196M"
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\s=7TeV,L=5.1fb" \s=8TeV,L=19.6 b’

CMS Preliminary m,, = 125.8 GeV

Untagged

Dijet tag

o/osm = 0. 91+8 32

1
Best fit o/oSM

Production mechanism

CMS Preliminary Vs=7TeV,L=511f" Vs=8TeV,L=19.6fb"

1o CMS Prelminary _{s=7Tev L5110 s =BTV L =196
101 WesscL -
8- eswcL -
6— ® best fit _
41~ + SM E
20 -
O =
of :
4F :
-6/ -
-8~H!llnnlnnlu.:l.“.l, lllllll T I
-1-050051152253354

Ue

pv(qqH, ZH, WH) = 1.01575
pr(gg — H, tHH) = 0.9757

20
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Sensitivity

® Minimum p-value 1s at low mass ~125.8 GeV

® More than 5o Slgnlﬁcance Analysis Expected | Observed
1 D(ma4¢) 566 4. 7o
m -11 E T '\1 T ' TTTT I T
S10F 2D(mus, Kp) 695 | 6.60
D102F -
C').10_4E L 3D(ma4¢, Kp, Vp—pr/mac) 7.26 6.70
8105k
L (‘nspemnay fs=7TeV,L= 51fb 15 8TeV,L= 196fb
910'65 1% 3 oI +baa
107 o 8 Kp>0.5 Wzx
1 0-8 "'.’ ‘\‘ Observed m, % 16E . D Z"{.,ZZ ~
1 0-9 '. '.‘ Observed m, . K, g) 14: m mH=126 Ger
1 0-10 '..i ‘.." Ovserved m,. K . p_/m, or V, = w 12F | _:
1 0_11 7 : .\‘: ------- Expected ' a 1 0:
-12 iy \ R s -
10 “F . @ CMSPreliminary ; = 8
103 LY HoZZo4l . 60
1014 é— o E=7Tev,L=511" é ab
10-15%_ | : vs 8TeV,L= 196fb El 2; - :
10-16“1111111111111111111;11111111 0:‘“'“; .
110 120 130 140 150 160 170 180 110 120 130 140 150 160 170 180
m,, [GeV] my [GeV]
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 H—ZZ—4¢ mass measurement

e Use lepton momentum uncertainties to build event-
by-event mass uncertainty
- Result: myg = 125.8 £ 0.5(stat.) + 0.2(syst.) GeV
» Still statistically limited

CMS preliminary \s=7TeV,L=51fb'\s=8TeV,L=196"

- 10¢ : -1
c of 1 oo m,, & m, KD (no syst.)
3 § — m,,8m, KD (with syst)
-8 ]
7t ' :
6F
5}
4t
3}
2f
1'_
0h .........
128 130
my, (GeV)
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H—WW-—-2{2v @

® Two high-pr 1solated leptons and moderate MET _

-

® Split data into two categories , ;:1:
- different-flavor (DF), same-flavor (SF) ‘ /’A ‘\\\
- No jet, 1-jet (VBF is not updated for Moriond) éf%

® Two approaches: cut-based and shape-based /

= Use 2D (Mg — Mr) to separate signal from background for DF shape-based
analyses, counting method for the rest; Mt = \/ 2ptf MET cosA¢ee MET

Background M, =125 GeV
CMS preliminary L=19.5fb ' (8TeV) CMS preliminary L=19.5fb " (8TeV)

100

M, (GeV)
e 3

60 70 80 90 100 110 120
M, (GeV) 23




CMS

H—-WW-2{2v backgrounds @

® Sclection to reduce backgrounds

- W+lJets: tight lepton 1dentification and i1solation

= Drell-Yan: MET and Z veto in SF category

- Top: top-veto using b-tagging and soft-muon tagging, as well as jet binning
- WZ/ZZ: reject events with a third lepton

CMS preliminary,\s =8 TeV, L =19.5 fb"

« data
(JH(125) -» WW

W+j%s

M W+y

M di-boson
top

M Z+jets
WW

e All major backgrounds are
estimated from data 10f

o Continuum WW production 1s 10°
the dominant background o

0-jet category

- Extract from M, control region (cut-based)
or free-floating normalization in 2D fit I

10°E

—
—_—
—_




% H—-WW-—2£2v N-1 distributions

e Different flavor 0-jet category for combined data

sets after all selection criteria but one:

No B ll]l.llllxt_llllltl[lll
%, 350; - data — m,=125 GeV CMS Preliminary’:
O - Il H125 Wijets 5=8TeV,L=195f" ]
o B vV Top - - r
: 30()?-2!.{' -y Is=7TeV,L=49f -
§2] C W stat.®syst. 0-jet ep ]
= - _
>
@ .
200 -
150 | +
- 8
100 |- -
o i
50 |- + =
. x -¢.
ok
25 p— -
O 2F + T 1’
s -
= 15E
m 1E _\.)..m w\\\}*\\ NN \
0
5 05
0 S
0 300
m, [GeV/c?]

events / 10 GeV/c?

data/ MC

250

200 _—

| —= data

— Il H125

_ v

- W ZY

o\ stat.®syst.

| | ' ' | | I | | ' ' I | | '

— m, =125 GeV CMS Preliminary |
Wejets fS=8TeV,L =195 "]
Top f5=7TeV,L=49f" -
WW

0-jet ep ;

- Relatively large excess for a “simple” cut-based analysis
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5102:

2] ~ CMS Preliminary ——— Obearved
\D ~ \s=7TeV,L=49 fb.ii - - = Median Expected

@) . \s=8TeV,L=19.5fb

| H-WW-2i2v 0/-jet [ ] Expoctma -

o _]Expocuoz
= 10t
=
-
—
@

o IF
o~ -
Tp)
(o))
107
1 PR ‘1 | I 11“1‘““11:
100 200 300 400 500 600

m,, [GeV.

H—WW-—-2£2v upper limits

T 1 % T

— == Observed
--- median expected

CMS preliminary-
H— WW - 22v (shape-based)]
expected+ 16 L =49 fb' (7 TeV) + 19.5 fb" (8 TeV)
expected + 20

—

my = 125 GeV as background

95% CL limit on o/cg,,
— =
|

10

L1 i \'ll\ll‘lll\‘HHll‘;

® Exclude 128-600 GeV at 95% C.L.

200 300 400 500 600
Higgs mass [GeV]

e
g

=

® Excess in the low mass region results 1n a weaker than expected

upper limait

= Injecting mu = 125 GeV signal as the background results in no excess to be observed

- Consequently, no evidence for other resonances with high mass
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H—-WW-2£2v significance

8 ~ CMS Preliminary ... Expected
% - \'s=7TeV,L=4.91b" —o— Obesrved

L f -1 —
QO ogl \S=8TeV,L=1951b — Injectionm =125 GeV  __ CMS Preliminary
= T H>WW—>212v 0/1-jet y : l .
.E i - Injection = 1o ~ ) Vs=7 TeV, L=49fb
ks ] ejections 20 ) ys=8TeV, L=19.51b"
w

20:— - \ eu 0+1 jet

100 200 300 400 500 600 110 120 130 140 150 160 170 180 190 200
m,, (GeV)
my, [GeV]

® Observed significance of the excess 1s 4.0c,
expected 1s 5.1c (shape-based analysis)
- 6/osm=10.76 £ 0.21
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Search for H—1rt

® Two analyses: inclusive and VH I

- ljet and VBF categories hadiop RACterE sl Aadns

- Leptons 1n final state: e, u, and

- Hadronic tau leptons are reconstructed based
on the decay modes

» MVA 1solation using relative Xpr of particles in concentric AR rings around t

» Discrimination against electrons and muons using EM shower shape, E/p and

muon hits
Real Tau Charged Isolation Fake Tau Charged Isolation T —
: g ’ - 1_F ................ I A — —

S gg Z—TEMC

8 < Genlnl<2.3

E 0.8
0.7§ .‘,‘..,‘IA.“"" AL 4
06 ‘-..‘“"..‘.-Q-.'.'»Q e ® e

! A ' -

0.5: sean g g -
0.4t ™
0.3% ® HPS Loose Comb dfi
0.2% W HPS Med Comb o
0.1§ A HPS MVA Loose

90 20 30 40 50 60 70 80
gentp (GeV) »g




CMS

- Event by event basis using 4-vectors of visible decay products, MET,

a.u.

M. reconstruction

e Maximum likelthood method used to estimate M.

and expected MET resolution

CMS Simulation 2012

0.18
0.16
0.14
0.12

0.1
0.08
0.06
0.04

0.02

OO

3
©

—— H-o11 (mH= 125 GeV)

Visible tt mass

] 4 j — | L L L - |
100 150 200 250
m,, [GeV]

0.16

0.14

0.12

0.1

0.08

0.06

0.04

0.02

CMS Simulation 2012 TuTh

A

——H->11 (mH= 125 GeV)

Full Tt mass
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- Backgrounds H—1t

e Secveral backgrounds, Z—7t 1s the largest

- : use Z—up data, replace p with simulated t decays

- : use same-sign control sample, corrected for SS/OS ratio

- /—{{: use simulation, correct for {—1tn misidentificaiton rate

- W+jets: sitmulation shape, normalization from high-Mrt sideband

CMS Preliminary 2012, 19.3 fo", Vs =8 TeV 1,1, CMS Preliminary 2012, Vs = 8 TeV, 19.4 fb”

z l | 1] T l T ] ] l ] ) w | | | e
® Observed = —e— Observed
% 1600 : Z_} TT 330000 % 5x f‘icir‘lv%)—n’.
- " 21T
% 1400 ] Elggroweak [ Bl Electroweak
9 25000 CJacbp
1200 E tt | ] tt
B 7 ec o bkg. uncertainty
“ed bkg. uncertaint L
1000 g y 20000 i
800 15000 | sideband -
> ,
600 :
eTh 10000 p
400 -
SOOOA
200
" [ )
0 20 40 60 80 100 120 140 160

m, [GeV]
M.. [GeV] 30
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Combining M. and VH .

1-jet and VBF categories WH and ZH
for C l_,[, eTh, HTh . and ThTh CMS Preliminary 7+8 TeV L = 24fb" CMS Preliminary 748 TeV L = 241"

> 1 LA | > |
o | 2z ] @ ok 2z E
- 1 | S— I!I Reducible bkg-| O o 5 Reducible Bk
CMS Preliminary, \s=7-8TeV, L=243fb o I : 97 o 18fF 9
;l — T T T | T T T T T % D Wz % 16 ' D wz :
25 = 1.0F —&- Data - Backgound o = 20 | ||| e m,=125GeV | ¥ i U — m, = 125 GeV
8 - e-u,e-t T Th™Th @88 Bxc Uncanainty 5 ' ~4— Observed L% 14 : ~4— Observed
. 12
15}- 1 - .
> I o , WH—{{t | 10}
l_llli 20 - [ 10 - 8
~ 7 y ' . . 6 -
£ : 1L e 5| | ,#4 a
B - S : |; 2
= 15 __ L .. 0o~ 20 40 60 80 100 120 140 160 180 200 00 50 100 150 200 250 300 350 400
C 100 150 m,;. [GeV] m,s [GeV]
" m_ [GeV] " ‘ ‘
'8 - o “ - CMS Preliminary 7+8 TeV L = 24fb"
L - > 24 - 22 T T ' 2 T T T T T
E 10 - - S 22k B zz -
m " —— Observed . 8 20k D Reducible bkg. |
.a., - ———— SM Higgs (125 GeV) 1 @ 18 FE | e m, = 125 GeV -
s o C
; L — Z_ r o 9 :6 "7 -4 Observed '
5 |- C - Wo14f :
0 . B o'cctroweak - 12} H—{lthtn
~ ¥ /) aco . 10}
7 : ' %
s - 6
0 : {
0 100 200 300 N
2 |
0

mTT [GeV] 0 20 40 60 80 100 120 140 160 180 200 220
m,s [GeV]
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H—1t results

CMS, Preliminary, H — 11, L = 24.3 fb™ CMs, Preliminary. H - < -

L=24.3fb"
l L L . L

= | | 3 | —e— observed
< —e— observed B 5F — signal injected -
© S . signal injec -
B 3.5 —— expected s Ei; iir:‘jiit(: !
c [ + 1o expected E o4 ) _
;) 3.0 + 26 expected i
£ | 2
.| 2.5 (o)}
O
2
A 2.0
»
1.5 0'1.1.111.111..1111:
110 120 130 140
1.0 m,, [GeV]
- 4 CMS Preliminary, H->< 7, L=24.3 "
0.5 3 o TETr e
- §1o-1E ! 1o
- a
o.o L ('—010'2 20
110 120 130 140 g !

-d
o
&

m,, [GeV]

® Broad excess over the whole my range 10° .
- Maximum local significance is at 2.94c at 10° —e— p-value observed
120 GeV compatible with 126 GeV Higgs L p-value expected .
10"E i
e RBest fit G/GSM =1.1£0.4 107 '1;0' et '1;0‘ — '1;0' :

m, [GeV] 32



Where does new boson fit best?
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Spin parity studies, H—ZZ .

—

e Consider several J® hypotheses of pure states  [HiGHIS9002

J¥ production description

0" g9 =+ X SM Higgs boson

0~ g9 =+ X pseudoscalar

07 g9 =+ X BSM scalar with higher dim operators (decay amplitude)
2 - gg — X KK Graviton-like with minimal couplings

Q“L,,,,q(7 qq — X KK Graviton-like with minimal couplings

1~ qq — X exotic vector

1t q7 = X exotic pseudovector

e Build two kinematic discriminants based on the

CMS preliminary \5 = 7 TeV., L ‘31")\4 8TeV.L=196M"

leading order MEs R
L S :

- Discriminator Dyp to separate SM Higgs * - i B ;
hypothesis from alternative hypothesis 1655 o 24X :

14 E

= Discriminator Dykg to separate 12 3
. 1 =

SM Higgs from backgrounds 8 :

6 =

» Use kinematics and M4, information ; F
into one discriminant . E

0 0.1020304 0506 07 08 0.9 1
Dok 34



Templates for gg—0- hypothesis

2e2u final state for 8 TeV

1 CMS Simulation CMS Simulation

Oé 1
0.9 0.9
0.8 0.8
0.7 0.7
0.6 0.6
0.5 0.5
04 04
0.3 0.3
0.2 0.2
0.1 0.1
00 01 02 03 04 05 06 07 08 09 1 00 01 02 03 04 05 06 07 08 09 1

D D

bkg

go— SM Higgs = gog— ()

1 CMS Simulation

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

00 01 02 03 04 05 06 07 08 09 1

qq—~Z7Z Dusg 35
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CMS preliminary Vs=7TeV,L=510 '\G=8TeV. L= 1960’

CMS preliminary Vs=7TeV.L=51Mm'\Vs=8TeV. L= 196"

Djp distributions (Dypkg > 0.5) .

CMS preliminary Ns=7TeV.L=51m'\Vs=8TeV.L=1961"
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CMS preliminary

Spin-parity: test statistics

Ys=T7TeV,L=51M' ys=B8TeV,L= 19611’
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CMS /! . .
. Spin-parity: H—ZZ results
Expected [o] Observed, pn from data [G]
u=1 K ngn P(q > Obs | alternative) [ P(q > Obs | SM Higgs)| CLs
oo 0" 28 | 25 3.3 0.5 0.16%
go >0y 1.8 | 1.7 1.7 0.0 8.12%
qq—1" 2.6 2.3 > 4.0 -1.7 <0.01%
qq—1- 3.1 | 2.8 > 4.0 1.4 <0.01%
gg—2n" | 19 | 1.8 2.7 0.8 1.46%
qq—2m" 1.9 1.7 4.0 -1.8 0.09%

® Pscudo-scalar, spin-1, and spin-2 hypotheses are
excluded at 95% C.L. or higher

= Data 1s consistent with SM Higgs scenario
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Spin in WW—2£2v

e Use DF 0/1 jet channels to probe spin scenarios
- Shape-based analysis

e Use 2D templates of Mt and My for SM Higgs and
spin-2 minimal coupling scenario (gg—2m™)

CMS preliminary L = 19.5 fb™' (8TeV) CMS preliminary L = 19.5 b (8TeV)
1

M, (GeV)

90 100 120
M, (GeV) M, (GeV)

gg—2m" go—SM Higgs

IIIIIIIII
90 100 110

39



CMS

CMS Preliminary ys=7TeV,L=4.9fb";{s=8TeV,L=19.5fb"

Spin in WW: results

N
-
o

"t

-experirments
N
(-
S
l

Gengrated
o
o

llll

800
600

400

llll

200

0+

2+

== CMS data

- +
+ - +
' '
4 - 3
+—- +
1 | !

11

[

%

-20

-10

10

- xOIn(L2+/L§S)

&

Hypothesis| Expected | Observed
Fix p=1
go—(" 1.96 0.96
go—2m" 2.40 1.3c
Fit p from data
gg—(0" 1.50 0.50
go—2m" 1.80 1.3c

® Expected separation 1s at the 2o level

= Data consistent with either hypothesis
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® So far 1t looks as i1f the newly discovered particle 1s

the SM Higgs

boson

- Data are consistent with SM 0" scenario and disfavor pure pseudo-
scalar, vector, pseudo-vector, and spin-2 resonances with minimal

couplings

- Signal strengths are also

consistent with SM prediction

® Massis ~125.8 GeV

- HCP combination of
vy and inclusive ZZ yields

My = 125.8 1

- 0.6 GeV

» Dead on with the updated
mass 727 measurement

Vs=7TeV.L<51fb' Ys=8TeV,L<196D"

CMS Preliminary m,, = 125.8 GeV

H— bb (VH tag) .
H — bb (ttH tag) -
(" H = e (0 jet) ——
H— 1t (VBF tag) -t-l—
| H -t (VH tag) —-—
H — vy (untagged) i
H — vy (VBF tag) R —
@ — WW (0/1 je@ -a
H — WW (VBF tag) ——
H — WW (VH tag) -
Cr» -
2 0 2 4

Best fit G/GSM

Summary of Higgs results
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Summary of Higgs results

® So far 1t looks as i1f the newly discovered particle 1s
the SM Higgs boson

- Data are consistent with SM 0" scenario and disfavor pure pseudo-
scalar, vector, pseudo-vector, and spin-2 resonances with minimal

Couplings fs=7TeV.L<51fb"' ys=8TeV,L<19.6f"
. . . . H— bb (VH tag) - —
consistent with SM prediction H — bl (i tag) . s
. (" H = e (0 jet) ——
® Massis ~125.8 GeV H — 1t (VBF tag) .
. H— 1t (VH t S S—
- HCP combination of — :r (t aj;
: . . — vy (untagge ‘.
vy and inclusive ZZ yields ¢ (VEF g} -
Myx = 125.8 £0.6 GeV G- ww (071 jet) -
. H— WW (VBF tag) el
» Dead 22 with the updated H—> WW (VH ag) -
mass measurement ;
GLEY” .
2 0 2 4

Best fit G/O'SM

How does it affect the rest of the CMS physics program? 41



CMS /| . .
P Questions, questions...

"o What, if anything, makes the Higgs mass light?

- QFT: m3; = m3,¢ + Am?{t()p + AmiIW’Z + Amzself ~ 0(125)GeV

- Corrections diverge quadratically Amfy = =25 Ay + -]
e Either we live 1n a fine-tuned Universe or QFT 1s
wrong, or there must be Nima Arkani-Hamed, SavasFest 2012
. i‘ §
some new physics to take C Camplin /[ M
care of divergences 7 >
- SUSY: offers DM candidate, ! J

unification of couplings, and solves
Higgs mass divergency

——————— el - ———————



Chs, !
Natural vs. Unnatural

Natural Unnatural
SUSY Split SUSY
- Light sbottoms, stops - Long-lived particles

Something else?
- New physics that gives us DM
candidate

Extra dimensions

- High mass KK partners
(X— VV, &L, vy, top pairs)

Compositeness No new physics at currently

- Vector-like partner to top quark, |reachable energies
new strong-like interaction - Limits, limits, limits. ..
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® [ight stops, sbottoms: final states include multiple

Searching for SUSY

jets, leptons, and MET
® (b)jets + MET

= Use 176 mutually exclusive categories

Event sample legend
ZL = Zero Lepton; SL = Single Lepton; LDP = low AD ZeezZ > e'e; | Zmm=2Z - u'y;
signal sample top & W+jets control 2CC Z to vV control Z to vv contro
sample sample sample
ZL SL LDP Zee Zmm
2 Loose 2
Nb jet =1 Q’_ b'jet °v-
T tagging T
E;/™ oxis E/™* axis E;/™ axis E,™* axis E;™™ axis
ZL SL LDP
Bin H, (GeV) E,™*(GeV)
N jor = 2 s 1 400-500 125-150
X (HT1) (MET1)
E/ axis  E/™axis  E/™ axis 2  500-800 150-250
(HT2) (MET2)
LDP
& = 3 800-1000 250-350
@ (HT3) (MET3)
>
Npjer2 3 < 4 > 1000 > 350
T (HT4) (MET4)
E,™ axis E/™ axis E,™* axis
tt+Wijets Stt_—l—Wjets . Rtf—l—Wjets _ tt+Wijets
Hzl:bin = Pbin ZL/SL " MSL;bin

Emiss

- T
T~

Aémin = min(A@/aA(b,i)
ongi = arcsin(or, /MET)
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ChS, !

' Searching for SUSY (jetS+MET)

e Use global fit to extract contributions from different
backgrounds and compare predictions to data in
bins most sensitive to signal

CMS Preliminary, L =19.41b”, Vs = 8 TeV — Full fit

-+-Data
N, . =2, MET4 N, . =3, MET2 N, ., =3, MET3 N, ., =3, MET4
- 1 T 171 400717717 < 50T mT1 e 201717
'.51 ] © [ o) i O [
2% 2350/ 2 B | o 18F
c = c { © [
80— ‘ 35_..‘ _. 14'_.
60 ] i : i
‘ 200} + 25 ] 10
40 150& o 1 20 8 M |
j E 15§ i 6!
o R
4 . -+
(o L — 1] 0'1 - -?-' 0 L1 1 173 0 I
TEEE EEEE  EEER  EEER

= No evidence for signal...
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CMS

Searching for SUSY: {+ ets+MET

® Major backgrounds: tt+jets and DY

CMS Preliminary __ \s=8TeV  19.4 fb"
- Lepton Spectrum estimation method: & . ow
B L+ o .
» Use lepton pr 1n signal to predict MET 3 10°E N Diepton :
. - eeeee (M m _)=(1100 GeV,100 GeV) |
from tt-+Hjets g L . ‘:’;SOZG \: ’
T e
» Use control sample (££+jets) to infer oF H 4 Niew= 6, N,= 2
DY contribution et
- A¢ method: 13 R E

» Use Ap(W, ¢) and SiP = \/ pr(W)? + Mp(W)?

» For top events Ap(W, €) 1s small, while TR\ Y N R
DY contribution has flat Ap(W, ¢). l
Use low b-tagged jet samples to - ++ 1 + +
calibrate this background =T
500300460~ 500 600700860 800" 1000
Er[GeV]

—

S
I
l

ll 1 llllkll LAll) llll 1

Normalized
residuals

AN B < R U
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Summary plots on SUSY

~ o~ . ~ — ~0 ~ o . ~ — ~0

g-g production, g— tty. g-g production, g—»>b by
s. :TIll’lTl’Il]IITIIITIIIII[I]TIITI‘ITTIIIllI]IT!TI]ITI— ;1omtlITIMTIHTIT.I]I.TI‘IIITI'IITlIl‘I’TTITIIl]I[IITI[ITIT:
& 800f- CMS Preliminary — sus-12:024 0-lep (E;+H,) 19.4 1" 8 F CMS Preliminary .
® - —— SUS-13-007 1-lep (n _ >6) 19.41b™" - w 9001 e — —— Observed .
8 oo 15=8TeV — SUS-12-017 24 (s::b) 1051 8 - ;ns -‘8 1:\2,013 sy 7
€ 7001 Moriond 2013 P il E goof- Morion . Observed -16508Y -
= . m— SUS-12-026 (MultiLepton) 9.2 fb™' &% . :
- S Observed : - = - Expected N
600 . Observed-1osm‘f;y - 700 [~ C pee====3e37, —
_ - --Expected x " .
500 : = 600 ) =
. o n 500 = ‘\‘ -
400 |- it - - | -
: ¥ ; 400 : -
300~ T r ]
- i . 300} | .
200 |- o ] | SUS-12-024 0-lep (F,+H,) 19.4 1b" : .
’ ¥ . 200 : -
100 E i 100l — SUS-12-028 0-lep () 11.7 tb” . .
L1l l Ll lgl; Jl LJ l LALl l- :

gOO 600 700 800 900 1000 1100 1200 1300 1400 1500 800 600 700 800 900 1000 1100 1200 1300 1400 1500

gluino mass [GeV] gluino mass [GeV]
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Events / GeV

® Two high-pr leptons

- Selection 1s tuned to maximize

the significance in Mgy

- Requires different selection
criteria + validation methods

» Well-modeled in MC simulation

» Use eu data to verify

I L T I T ] 1 T T ] 1 T T :

102 C CMS Preliminary, 8 TeV, 19.6 fo" |

!"L ~+— DATA -

10 0w, ww, Wz,2Z, «t

[ un, ee, Wjets, jets (data) =

1 =

* S

10" E

10 =
107

A A l I} A A l A A
200 400 600 800 1000 1200

m(e”p’) [GeV]

Events / GeV

Events / GeV

Dilepton searches

106 ] ] Ll ] L ] T T L] I -
- 4 ___ CMS Preliminary, 8 TeV, 20.6 fb”
10 H !,,[ —e— DATA
10° C vizou'w 3
10° & [ i, tw, ww, Wz, ZZ, 1t
102 [ jets (data)
10
1
10" i E
107 Pl [
M
10-4 PR S I | 1 1 L 1
70 100 200 300 400 1000+ - 2000
m(u'w) [GeV]
10° 1 1 — g
- CMS Preliminary, 8 TeV, 19.6 fb”’
10 e+e_ —e— DATA
10° & [ yizoe'e
10° & [, tw, ww, Wz, ZZ, 1t
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Dllept()n searches

® No evidence for new physics

CMS Preliminary 8 TeV, ee (19.6 fb™"), u*u’(20.6 fb™
1 ] 1 | 1 1 I ]__: 1 ] || I ] | 1 | I 1 | 1 ] I 1] ] | 1 I 1 | 1
D ——— median expected
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mo 10

T T
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‘o Search for LED

CMS 2012 Preliminary Ldt= 19 6fb" Vs =8 TeV

CMS 2012 Pfeliminary jun-zostb \s=8TeV

> | LI | 'E 1 .6 [ | I | l | : T | D | L D | I T 17 1T 1 l
G10° - DY — =, - i —95% CL Observed Li H
~10° Bl Top + Diboson oC - ' : - 95% CL Expected Limit
2407 data “j 1.4 o .+10 Exp.Limit i
9 - —— ADD A,=3.6 TeV c i ' 1 +20 Exp.Limit i
1 B 1.2~ --,--TheoryLO -
10_‘ (D : |‘ !.' - Theory NLO :
10?2 73 | . :
10° o - * ‘1 i
© 0.8l %S :
4 - . —
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Muu[GeV] i 'q“. -
CMS 2012 Prelimina Ldt=19.6fb" 1s =8 TeV - ‘' .
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2104 Dz —ee 0.4 - '.‘ X =
210 B i and Diboson i R ]
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Search for W'

® One high-pr 1solated lepton EXO-12-060

- Backgrounds are estimated from simulation

a
(M% + bM~T + C)d

= Fit full MT at high masses to empirical function
Mt = \/QpeT - MET - (1 — cos A¢y,,)

CMS Preliminary [Ldt=201b" Ys=8Tev CMS Preliminary | Ldt=201" {828 Tev
>107II]IIIIIIIII]IIII[IIII >107IUIIIIIIITIIIIIIIIII
8 —— W' = i v M=2500 GeV lw-"!»“' loco (5106 _w"e‘"""’ws‘v.w’" .°°°
106 e W' — v M=500 GeV
:1 05 - M ana & s .t{ +single topl]w -t 81 05 lﬂ’ single 'WDW'> ¥
) — < uvM=z
‘qc_;104 lDY-—«)pp le -t
>.n3
LIJ10 ' Iolboson + data
107
10 systunoer
1
10"
10°
10° il DT R
500 1000 1500 2000 2500 500 1000 1500 2000 | 2500
M [GeV] [GeV]
O : = 10 v
S 18‘— S 8
s 9 : I : E
° 4 E °  SF :
= 8 : :*+twvff7+ _k. ............... E -% 0 St g oo :
= 500 1000 1500 2000 2500 o
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Interpretation of W' search .

-

CMS preliminary, 20 fb' 2012, |s =8 TeV 10| CMS preliminary, 20 fb", 2012, \'s =8 TeV

o BT Observed 95% CL limit g Observed 95% CL limit %‘ LAY — |
-~ \ % 4 “ Observed 95% CL limit W' » ev et ;  CMS prelimina :
o0 N3 | ——— Observed 95% CL limit W' v o - e Expected 95% CL limit = P e
10* :__- AT] ceneeee Expected 95% CL limit X —| Expected 95% CL limit+ 10 - ! \S8= 8 TeV
X t N\ BN Expected 95% CL limit < 15 10° o N
o ] | Expected 95% CL limit = 2o © ; Expected 95% CL limit+ 2 ¢ | P
L0 \‘ s SSM W' NNLO =S T HNG Ldt=20fb
10° L1 [:] PDF uncertainty O | contact interaction LO 3
E | Y | e W, with i = 10 TeV NNLO 0 < ' PDF uncertainty
-« Wy withy =005TeVNNLO oS , 1H s -
s L ) 10 \ e+ E:llss cl 3 ‘.,f‘ -
miss ’ ) -
102 e+E; ", % ! \ B / i Electron
O Q \ 4 i..ichannel
A\ G ~ | Excluded
10, N | EXciude ¢
10 E Iy ¢ " Muon
s e o channel
i g i, R -1 j -'_«l:: _
MR — e N L e L 10°¢ £ Combined -
= 1 - o 3 “
- : 3 : channels |
! : 4 6 8 10 12 7o na—— — | 1 :
500 1000 1500 2000 2500 3000 3500 4000 A [TeV] 0 0.5 1 1.5 VR % V]
e
M, [GeV]

e Many interpretations
- Excluded 3.35 TeV of W' at 95% CL
- Limits on contact interactions
» A>13.0 TeV (e+MET) and A > 10.9 TeV (u+MET) at 95% CL
- Limits on Wkk (split UED)
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CMS

Searching for Dark Matter @

EXO-12-048 J. Feng 0801.1334v2

® Dark matter can be searched for at LHC »r— e
. . vooor | Oa vV ~ 4T0:2/Mp?
- Probably produced in pairs o O !
- WIMP “miracle” "’ ::_:f{ 'ncreasins <o
» Mp ~ 10 - 1000 GeV to get Qpm right gr ,L ........
. . . im ; """ (37"
® [f you produce 1t at LHC 1n pairs ol !
: PO (N R S—
you must find the trigger 5 e} 3
- Initial state radiation: y+MET and jet+MET o} | j

1 10 100 1000
x=m/T (time -)

® Same final state can be used to
search for a number of interesting phenomena

- ADD Large extra dimensions 1 1

= Unparticle models 5 ,

= Light stop

- Anomalous TGCs (y+MET) q X q X
Monophoton + MET Monojet + MET
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CMS

Compact Muon Solenoid

Example of signal event

CMS Experiment at LHC, CERN | CMS, ]| gua
Data recorded: Fri Oct 5 20:41:32 2012 CEST X
Run/Event: 204553 / 26729384 b\
Lumi section: 31 V(‘ = 8
Jet 0, ot 0 \\
et = 921.98 e 9
eta = -0.463 \ v 048
phi = 2.508 &
I e g
~>
-~ \
‘ »
\
* -
CMS/|
\g = o S
=\
s MET 0, V/ o i
‘ pt = 913.68
£ eta = 0.000

2 phi = -0.657
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CMS /| i
Event selection

e Energetic jet + MET requirement

- Require up to one extra jet, and no extra leptons

» Use Agj1, j2 to reduce QCD contribution

® Major backgrounds are estimated 1n data
- Z+jet — vv + jet (estimated from Z—ppu data)
- W+jet — musidentified lepton + v + jet (W—puv data)
- Multyjets, Zjets, ttbar etc (estimated in MC simulation)

MET ; ;

(GeV) Z— vv | WHjets | ttbar | ZHtjets t QCD Total Data
500 |[671+£81(269=+20 6 2 1 949 +£ 85 894
550 |[370+58|128+13 3 1 0 501 £60[ 508
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Monojet results

% [rrrryrrrryrrrrrrrrrrrrrryrrrrrrrr e e ] &E' :g.:; -{_ CMS‘ Fl)r'ell;;,"{inar'y ! _'.‘_' Eh'ﬁls 20;2 \"e;téf' v '—
G 10 Z—VV = e e .
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N = ry Wlv g 107 — ~ CDF 2012 -
~ - — - ol —
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Chs, !
Summary @

® We seem to discover the first fundamental scalar field

= Spin-parity results are consistent with the SM Higgs and disfavor
other considered scenarios; signal strengths are consistent with the
SM prediction as well.

- Massi1s 125.8 £ 0.6 GeV

= More results to follow later this summer

® A lot of experience with data analyses at Run 1

- Rather complex searches, pushing capabilities of the hardware to its
fullest (but still a lot of things can be improved for Run 2!)

® No evidence for physics beyond the SM so far

= Is new physics that control the Higgs mass 1s right around the corner?
Or do we live 1n a very unnatural Universe?
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Backup
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U) - ||||||||||||||||_ E IIII|IIII|IIII| IIIIIIII |IIII|IIII|IIII|IIII_l
2 : i ; n
< | — m =125 [ fakes 1 = 10%E . —
(o)) ) H L=24.41fb" © - --- median expected VH — 3I3v (shape-based) -
10 . Wz \s = 748 TeV _ S - [l expected+ 1o L=4.91b" (7 TeV) + 19.5 b (8 TeV)
’ - expected + 26

e c

—

@

N

LO

(@)

_IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII;'
0 1 2 3 4 110 120 130 140 150 160 170 180 190 200

A R(I') Higgs mass [GeV]

e Final state: three high-pT leptons (e or n) and MET
- Veto Z candidates and b-jets to reduce WZ and top events

® Two approaches: cut- and shape-based using AR+ -
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CMS Preliminary _H—2Zy s p———7 T 7T 7T T T
ooF. ls=7TeV,L=5.01b" _ % E CMS Preliminary %  Ohaerved
. Is=8TeV,L=19.6 fb o =TTV L= 5.0 b e
35k ys="77e D ! . :
1400 - Electron + muon channels aa) : (s =8 TeV L= 196 fb! === Median Expected
- —@— Deta 5 305\ S S T Y M Expected = 10
onE - "B Electron + muon channels Expected + 2
< 1200 — —— Background Model 9 : : xpected = 20
Q — - @) © O e R : :
S ook — Signalm = 125 GeV x 100 = 25
N . — %
3 500 = 20)
£ s =
- X 15¢
b 2,
40(): 10:._. : Bt Rt B el e Rt et
200 5
?...‘ AAAAAA e S —1111]1111]1111[1111[1111]1111—
00 110 120 130 140 150 160 170 180 ?20 125 130 135 140 145 150
m,;, (GeV) my (GeV)

e Use muon and electron Z decays

® Four event categories based on event topology and
whether photon converted or not

= Improves S/B and mass resolution
6|



CMS /| . : .
Pileup and 1solation

PU primary PU
vertex

® (Charged particles are considered from the primary
vertex only (electrons, muons, charged hadrons)

- Removes the pileup contribution from charged particles

e Neutral contribution is subtracted on average using
FASTJET simulator arXiv:1111.6097
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Pileup and 1solation

PU primary PU
vertex

Charged particles are considered from the primary
vertex only (electrons, muons, charged hadrons)

- Removes the pileup contribution from charged particles

Neutral contribution 1s subtracted on average using
FASTJET simulator arXiv:1111.6097
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CMS Detector

CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes
Overall diameter : 15.0m

Overall length  :28.7m
Magneticfield :38T

SILICON TRACKERS

Pixel (100x150 ym) ~16m* ~66M channels
Microstrips (80x180 um) ~200m?* ~9.6M channels

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m? ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels
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X—7Z7—4¢ angles

e [llustration of production angles 0* and ¢; of a

particle X production in X rest frame and three
decay angles 01, 02, and ¢ 1n the P; rest frames
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CMS detector

| | I I | |
Om m 2m im 5m 6m
Key:
Muon
Electron

== Charged Hadron (e.g. Pion)
— — — - Neutral Hadron (e.g. Neutron)

« = = = = Photon

Silicon
Tracker

W)

Transverse slice
through CMS

] " ,I ;’ I‘

N1 | ",.f |

Electromagnetic
Calorimeter

Calorimeter

Superconducting
Solenoid

) i —|
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Iron return yoke interspersed
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p Muon resolution dominated by
inner tracking for pr< 200 GeV

p Typical prresolution ~1-2%

p Muon chambers offer
redundant trigger and coverage

p Muons can be reconstructed
both 1n 1nner tracker and muon
chambers

.| CMS Experiment at LHC, CERN
|| Run 133874, Event 21466935

il Lumi section: 301

Sat Apr 24 2010, 05:19:21 CEST

CMS

\

~e

Electron p;=35.6 GeV/c
ME; =36.9 GeV
M:=71.1 GeV/c?

W—ev candidate

Lepton identification

.| CMS Experiment at LHC, CERN
Run 136087 Event 39967482
il Lumi section: 314

Mon May 24 2010, 15:31:58 CEST L— HU candidate

CMS

Muon p= 27.3, 20.5 GeV/c \ | | I—————
! ———
\ ) ———*—

/,HH

Inv. mass = 85.5 GeV/c? —————
[ [

p Excellent resolution provided by
the PbWOs crystal calorimeter

p Typical Erresolution 1s ~1-2%

p Electron identification is based
on shower shape variables,
ECAL-Tracker matching and
HCAL/ECAL energy ratio 66
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e Highly segmented CMS ECAL

® Photons are 1dentified as clusters of eergy n

Photon 1dentification

= 80,000 PbWO4 crystals
- Excellent design of ~0.5% constant term

ECAL that divided 1n two categories

= For unconverted photons: matrix of 5x5 crystal
- For converted photons: super cluster: ¢ x n area
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